S100A1, a Ca 2؉ -sensing protein of the EF-hand family, is most highly expressed in myocardial tissue, and cardiac S100A1 overexpression in vitro has been shown to enhance myocyte contractile properties. To study the physiological consequences of S100A1 in vivo, transgenic mice were developed with cardiac-restricted overexpression of S100A1. Characterization of two independent transgenic mouse lines with ϳ4-fold overexpression of S100A1 in the myocardium revealed a marked augmentation of in vivo basal cardiac function that remained elevated after ␤-adrenergic receptor stimulation. Contractile function and Ca 2؉ handling properties were increased in ventricular cardiomyocytes isolated from S100A1 transgenic mice. Enhanced cellular Ca 2؉ cycling by S100A1 was associated both with increased sarcoplasmic reticulum Ca 2؉ content and enhanced sarcoplasmic reticulum Ca 2؉ -induced Ca 2؉ release, and S100A1 was shown to associate with the cardiac ryanodine receptor. No alterations in ␤-adrenergic signal transduction or major cardiac Ca 2؉cycling proteins occurred, and there were no signs of hypertrophy with chronic cardiac S100A1 overexpression. Our findings suggest that S100A1 plays an important in vivo role in the regulation of cardiac function perhaps through interacting with the ryanodine receptor. Because S100A1 protein expression is downregulated in heart failure, increasing S100A1 expression in the heart may represent a novel means to augment contractility.
S100A1, a Ca 2؉ -sensing protein of the EF-hand family, is most highly expressed in myocardial tissue, and cardiac S100A1 overexpression in vitro has been shown to enhance myocyte contractile properties. To study the physiological consequences of S100A1 in vivo, transgenic mice were developed with cardiac-restricted overexpression of S100A1. Characterization of two independent transgenic mouse lines with ϳ4-fold overexpression of S100A1 in the myocardium revealed a marked augmentation of in vivo basal cardiac function that remained elevated after ␤-adrenergic receptor stimulation. Contractile function and Ca 2؉ handling properties were increased in ventricular cardiomyocytes isolated from S100A1 transgenic mice. Enhanced cellular Ca 2؉ cycling by S100A1 was associated both with increased sarcoplasmic reticulum Ca 2؉ content and enhanced sarcoplasmic reticulum Ca 2؉ -induced Ca 2؉ release, and S100A1 was shown to associate with the cardiac ryanodine receptor. No alterations in ␤-adrenergic signal transduction or major cardiac Ca 2؉cycling proteins occurred, and there were no signs of hypertrophy with chronic cardiac S100A1 overexpression. Our findings suggest that S100A1 plays an important in vivo role in the regulation of cardiac function perhaps through interacting with the ryanodine receptor. Because S100A1 protein expression is downregulated in heart failure, increasing S100A1 expression in the heart may represent a novel means to augment contractility.
In cardiac muscle, Ca 2ϩ signaling plays a major role in the regulation of the contraction and relaxation cycle. Cardiac myo-cytes contain specific sensors such as troponin C, a Ca 2ϩbinding protein of the EF-hand type, that can detect the rise in intracellular Ca 2ϩ and initiate the development of active tension (1) . S100A1, another EF-hand Ca 2ϩ -binding protein and a member of the S100 protein family, may also be important in cardiovascular physiology because it is highly expressed in cardiac myocytes and is the most abundant S100 protein in the heart (2) . Interestingly, we have previously found that S100A1 appears to be distributed according to compartmental workloads, with highest protein levels in the left ventricle (LV) 1 and progressively lower levels in the right ventricle (RV) and the atria (3) . Other studies have revealed a co-localization of S100A1 with the sarcoplasmic reticulum (SR) and the contractile apparatus in myocardium (4) . Moreover, in vitro studies have shown that S100A1 can interact with numerous intracellular target proteins such as exo-and endoskeletal proteins, metabolic enzymes, signaling molecules, and transcription factors (for review see Ref. 5 ).
Despite these myocardial localization and in vitro studies, a specific in vivo role for S100A1 in the heart and cardiac physiology has remained elusive. Recent in vitro studies from our group in myocytes and myocardial tissue preparations have identified S100A1 as a novel cardiac inotropic factor and a regulator of myocardial contractility (6, 7) . Adenoviral-mediated overexpression of S100A1 protein in cellular cardiac preparations in vitro resulted in marked increases in the rate of contraction and relaxation that was associated both with increased intracellular Ca 2ϩ transients and decreased Ca 2ϩ sensitivity of cardiac myofilaments (6) . Interestingly, heart failure, a state in which S100A1 has been found to be significantly down-regulated (3, 8) , is characterized by impaired cardiac contractility and diminished Ca 2ϩ transients as well as increased Ca 2ϩ sensitivity of myofilaments (9 -11) . In contrast to what was found in the chronically failing heart, S100A1 protein expression was found to be significantly up-regulated in compensated cardiac hypertrophy (12) , suggesting that the plastic-ity of S100A1 protein expression correlates with changes in cardiac contractile state. These data coupled with our findings that overexpressed S100A1 can increase myocyte contractile function in vitro indicate that this Ca 2ϩ -binding protein may play an important role in myocardial regulation in vivo. Accordingly, in this study we have generated myocardial-targeted S100A1 overexpressing transgenic mice in order to determine the chronic in vivo physiological and morphological consequences of increased S100A1 expression in the heart.
EXPERIMENTAL PROCEDURES
Generation and Identification of Transgenic Mice-Transgenic mice with a cardiac-specific overexpression of human S100A1 were created with the use of the murine ␣-myosin heavy chain gene promoter (13) . The full-length human S100A1 cDNA (0.6 kb) was amplified by standard PCR techniques (6) and cloned into a previously described vector that contained the 5.5-kb ␣-myosin heavy chain promoter and a downstream simian virus 40 (SV40) intron poly(A) signal (0.7kB) (14) . This construct ( Fig. 1A ) was linearized and purified before pronuclear injections were done by the Duke Comprehensive Cancer Center Transgenic Facility. Offspring were screened by Southern blot analysis with a probe for the SV40 sequence as described (14) , and four distinct founder lines (S100A1-I to IV) were originally established. Litter sizes and development of transgenic animals were indistinguishable from those of nontransgenic littermate control (NLC) mice. Second-generation animals of the lines S100A1-I and -II both displayed the highest SV40 signals at the age of 5-8 months and were used for all studies in accordance with institutional guidelines.
RNA Isolation and Northern Blot Analysis-Total RNA was isolated by standard methods (14, 15) from S100A1 transgenic ventricles and NLC ventricles (n ϭ 3-5 each). 30 g of total RNA was loaded and run on 1% formaldehyde gels and transferred to nitrocellulose. Hybridization was performed by standard techniques using radiolabeled cDNAs for S100A1, atrial natriuretic factor, and ␣-skeletal actin (14, 15) . Blots were then stripped and reprobed with glyceraldehyde-3-phosphate dehydrogenase to control for RNA loading.
Western Blotting-Western blots were performed to assess cardiac protein levels of S100A1, dihydropyridine receptor ␣ 2 -subunit (␣ 2 -DHPR, Advanced Biomedical Research, Inc.; MA3-921), ryanodine receptor (RyR2, Advanced Biomedical Research, Inc.; MA3-925), calsequestrin (CSQ, Calbiochem; 208915), sarcoplasmic reticulum Ca 2ϩ -ATPase (SERCA2a, sc-8094), phospholamban (PLB, Upstate Biotechnology; 05-205), Na ϩ /Ca 2ϩ exchanger (Advanced Biomedical Research, Inc.: MA3-926), ␤-ARs (␤ 1 AR sc-568, ␤ 2 AR sc-570), cardiac adenylyl cyclases (AC V/VI sc-590), PKA catalytic and regulatory subunit (PKA cat/reg sc-903/909), and serine 16-phosphorylated PLB (Upstate Biotechnology; 07-052) in NLC and TGS100A1 LV tissue using both soluble (supernatant) and membrane fractions as described (6, 16) . To detect S100A1 protein levels in supernatant, we used a custom rabbit polyclonal antibody raised against human S100A1 protein (amino acids 42-54, anti-S100A1, SA 5632), which is cross-reactive for human, rabbit, rat, and mouse S100A1 protein as described (6) .
Assessment of ␣ 1 -DHPR-Cardiac membrane preparations (10-g each) from TGS100A1 and control mice were incubated with 30 nM DM-BODIPY-dihydropyridine (Molecular Probes D-7443) (17) for 60 min at room temperature in equilibration buffer composed of 20 mM HEPES, pH 7.0, 150 mM NaCl, 1 mM EDTA, and 0.5% Tween 20. Samples were centrifuged at 100,000 ϫ g for 20 min, washed three times with equilibration buffer, and resuspended in 1 ml of the buffer. Fluorescence intensity of bound DM-BODIPY-dihydropyridine at 511 nm was measured with a PerkinElmer LS-50 luminescence spectrophotometer and used as a direct estimation of the DHPR ␣ 1 -subunit content.
Transthoracic Echocardiography-Two-dimensional guided M-mode and Doppler echocardiography was carried out using an HDI 5000 echocardiograph (ATL, Bothell, WA) in conscious mice as previously described (18) . Three independent echocardiographic measurements were taken in both modes. Left ventricular chamber diameter in endsystole (LVESD) and end-diastole (LVEDD), interventricular septum (IVSth), LV posterior (LVPth) wall thickness in end-diastole, and LV fractional shortening (FS%) were determined in a short-axis M-mode view at the level of the papillary muscles; FS% ϭ LVEDD Ϫ LVESD/ LVEDD ϫ 100; (%). LV ejection time (LVET) and heart rate (bpm) taken from aortic valve Doppler measurements were used to assess heart rate corrected mean velocity of circumferential fiber shortening: mean Vcfc ϭ FS%/ET ϫ ͌60/bpm ϫ 10; (circ/s).
Cardiac Catheterization and Hemodynamic Assessment-Closedchest cardiac catheterization in the same mice that were used for echocardiographic measurements was performed as described previously (18) . Hemodynamic analysis included heart rate (beats/min), maximal LV systolic ejection (LVSP), end-diastolic pressure, and maximal (LV dP/dt max ) and minimal (LV dp/dt min ) first derivate of LV pressure.
Preparation of Adult Ventricular Cardiac Myocytes-Ca 2ϩ -tolerant ventricular myocytes from mouse hearts were isolated using a modified collagenase/protease method as previously published (19) . Cardiac myocytes were plated with a density of 15,000 cells/cm 2 on laminin-coated dishes, stored at 37°C, 95% O 2 /5% CO 2 , and used for experiments up to 4 -8 h after isolation.
Calibration and Measurement of Ca 2ϩ Transients and SR Ca 2ϩ Load in Cardiomyocytes-Intracellular Ca 2ϩ transients of mouse ventricular cardiomyocytes were calibrated and measured as previously described (7) . Briefly, isolated cells were washed in HEPES-modified medium 199 (M199) (Sigma), incubated in 1 ml of M199 (2 mM [Ca 2ϩ ] e ) with 2 M Fura2-AM for 20 min at room temperature. Calibration and fluorescence measurements were carried out using an inverse Olympus microscope (Iϫ70) with a UV filter connected to a monochromator (Polychrome II, T.I.L.L. Photonics GmbH, Germany). Cells were electrically stimulated with 1 Hz and excited at 340/380 nm. Fluorescence emission was detected at 510 nm, digitized, and analyzed with T.I.L.L.VISION software (v. 3.3). Baseline data from five consecutive steady-state transients were averaged for analysis of transient amplitude (Ca 2ϩ amplitude; (nM)), time to peak (ms), and time to 50% decline (ms). Calibration for Fura2-AM loaded mouse ventricular myocytes on 50 cells yielded a minimal ratio (R min ) of 0.38 Ϯ 0.05 and a maximal ratio (R max ) of 3.36 Ϯ 0.21, whereas ␤ and K d were estimated to amount to 5.21 Ϯ 0.24 and 236 Ϯ 29 nM, respectively. Free intracellular Ca 2ϩ concentration [Ca 2ϩ ] i was calculated by the equation of Grynkiewicz et al. (20) 
. Ca 2ϩ transients were investigated at baseline and throughout a stepwise increase of isoproterenol concentrations (10 Ϫ9 -10 Ϫ5 M) under electrical stimulation at 1 Hz and 2 mM [Ca 2ϩ ] e in M199. SR Ca 2ϩ load was assessed using a standard caffeine pulse protocol (21, 22) . After 2 min of electrical stimulation (1 Hz), myocytes were abruptly exposed to 0 Na ϩ /0 Ca 2ϩ solution with caffeine (10 mM). The peak of the caffeine-induced Ca 2ϩ transient was used as an index of the SR Ca 2ϩ load.
Myocyte Contractile Parameters-Contractility studies of isolated ventricular myocytes were performed as recently described (6) with a video-edge detection system (Crescent Electronics, Sandy, UT). In brief, myocytes were electrically stimulated to contract at 1 Hz in M199 at room temperature; edge detection measurements were obtained under basal condition and incremental isoproterenol concentrations (10 Ϫ9 -10 Ϫ5 M). Data from five consecutive steady-state twitches were averaged for analysis of fractional cellular shortening (%CS (%)), shortening velocity (-dL/dt, (m/s)) and relengthening velocity (ϩdL/dt, (m/s)).
Preparation of Cardiac SR Vesicles-Cardiac SR vesicle preparations from murine myocardium both from NLC and TG S100A1 hearts were carried out as described elsewhere (23) .
Co-immunoprecipitations-Co-immunoprecipitation was carried out as previously described (24) , with minor modifications, to investigate S100A1 protein interaction with RyR2, SERCA2a, and PLB. Murine SR cardiac membrane preparations from both TGS100A1 and NLC hearts (1 mg/ml protein) in 0.25 M sucrose, 10 mM Tris-HCl, pH 7.5, 20 M CaCl 2 , 150 mM KCl were mixed with an equal volume of 40 mM HEPES-NaOH, pH 7.5, 300 mM NaCl, 0.5 mM EDTA, 4 mM phenylmethylsulfonyl fluoride, 1% Tween 20. Suspensions were rotated with bovine serum albumin-treated A/G-Sepharose for 30 min and centrifuged to remove proteins bound nonspecifically to A/G-Sepharose. The supernatants were then mixed with A/G-Sepharose and precipitating antibodies either for RyR2 (RDI-RYANRabm), SERCA2a (sc-8094), PLB (Upstate Biotechnology; 05-205) or CSQ (Calbiochem; 208915). The samples were rotated for 30 min and centrifuged (800 ϫ g), and pellets were washed three times with a buffer composed of 20 mM HEPES, pH 7.5, 20 M CaCl 2 , 150 mM NaCl, 0.5 mM EDTA, and 0.5% Tween 20. Samples were resolved by 4 -20% SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and stained for S100A1 (SA 5632).
Assessment of Ca 2ϩ -induced Ca 2ϩ Release (CICR) from Cardiac SR Vesicles-SR Ca 2ϩ release from isolated SR vesicles from both NLC and TG S100A1 hearts was assessed by determining rapid 45 Ca 2ϩ efflux with the Millipore filtration technique from passively preloaded SR vesicles as previously described (25, 26) .
␤-AR and PKA Signaling Studies-␤-AR binding on crude membrane preparations (15 g) from either TG S100A1 or NLC mice was performed by using the non-selective ␤-AR ligand [ 125 I]cyanopindolol as described (14) . Nonspecific binding was determined in the presence of 20 M alprenolol. For membrane AC activity, aliquots of these membranes were incubated for 15 min at 37°C with [␣-32 P]ATP under basal conditions or in the presence of 10 Ϫ4 M isoproterenol, 10 Ϫ2 M NaF, 10 Ϫ4 M forskolin, and 2 mM CaCl 2 ; cAMP was quantitated as described (15) . For PKA studies, mouse hearts were excised and perfused for 15 min with M199 to wash out endogenous catecholamines (unstimulated group); the ␤-AR-stimulated group was incubated for 3 min with 10 Ϫ6 M isoproterenol. Hearts were snap-frozen in liquid N 2 , and ␥-32 P incorporation in heart extracts was determined and analyzed as described (27) .
Statistics-Data are generally expressed as mean Ϯ S.E. An unpaired Student's t test and two-way repeated measures ANOVA were performed for statistical comparisons. For all tests, a p value of Ͻ0.05 was considered as significant.
RESULTS

Generation and Characterization of S100A1 Transgenic
Mice-To investigate the physiological role of S100A1 in vivo, we generated transgenic mice with cardiac-restricted overexpression of the human S100A1 protein under the control of the murine ␣-myosin heavy chain promoter ( Fig. 1A) . Two independent lines (designated TG S100A1-I and TG S100A1-II) with nearly identical SV40 signals were identified by Southern and Northern blot analysis and used in parallel throughout the study to exclude an influence of positional effects of transgene integration. Myocardial S100A1 protein levels were determined in TG S100A1 and NLC mice. There was a similar ϳ4-fold significant increase of myocardial S100A1 protein levels in both TG S100A1-I and -II animals compared with NLCs (TG S100A1-I, 4.2 Ϯ 0.9-fold versus NLC, p Ͻ 0.01, n ϭ 6; TG S100A1-II, 3.8 Ϯ 0.8-fold versus NLC, p Ͻ 0.01, n ϭ 6; increase in S100A1 protein for TG S100A1-I versus TG S100A1-II, p ϭ NS, n ϭ 6) ( Fig. 1B) . Compared with NLC mice, TG S100A1 mice had normal litter sizes; overall, these transgenic mice were grossly indistinguishable and had no increased morbidity or mortality. This included the finding that adult TG S100A1 animals Ͼ6 months of age had no cardiac pathology present, including normal cardiac mass. Biometric measurements are found in Table I . Consistent with the lack of cardiac hypertrophy following chronic myocardial S100A1 overexpression, we found no changes in ventricular mRNA expression of atrial natriuretic factor or ␣-skeletal actin, two molecular markers of hypertrophy, in TGS100A1 hearts compared with NLC (data not shown).
Because S100A1 can interact with several Ca 2ϩ -regulating proteins such as RyR1 in skeletal muscle (28) , we investigated the influence of chronic cardiac S100A1 overexpression on levels of major intracellular Ca 2ϩ cycling proteins. Fig. 1B displays representative protein expression results (n ϭ 6) for cardiac RyR (RyR2), ␣ 2 -DHPR, Na ϩ /Ca 2ϩ exchanger, SERCA2a, CSQ, and PLB (see "Experimental Procedures"). The levels of these proteins were compared in cardiac extracts (cytosolic or membrane preparations) prepared from TG S100A1 and NLC mice. We found no difference in the levels of these proteins in TG S100A1 mice when compared with NLCs ( Fig. 1B) . In addition to the ␣ 2 -DHPR, levels of the ␣ 1 -DHPR subunit, which is the major channel protein of the L-type voltage-dependent calcium channel, were assessed in TG S100A1 and NLC sarcolemmal membrane preparations by quantification of fluorescence DM-BODIPY-dihydropyridine binding (17) . This revealed no significant difference between the groups (TG S100A1, 0.30 Ϯ 0.03 versus NLC, 0.31 Ϯ 0.06; n ϭ 6; p ϭ NS. Data are given as relative fluorescence units).
Hemodynamic Parameters in S100A1 Overexpressing Transgenic Mice-To determine the in vivo functional consequences of myocardial-targeted S100A1 overexpression, cardiac catheterization was performed in closed-chest anesthetized animals. Hemodynamic measurements were recorded under basal conditions and after ␤-AR stimulation with isoproterenol as described (18) . As shown in Table I , TG S100A1 mice exhibited a marked increase in basal cardiac function compared with NLC animals. TG S100A1 mice showed significantly higher LVSP accompanied by a significant increase in the first derivative of LV systolic pressure rise (LV dP/dt max ) and decline (LV dP/ dt min ) compared with NLCs (Table I) , demonstrating enhanced contractility and relaxation, respectively. Importantly, both heart rate (HR) and LV end diastolic pressure, parameters that can affect LV contractility, were indistinguishable in TG S100A1 and NLCs (Table I) .
FIG. 1. Characterization of TG S100A1 mice. A, schematic depiction of the DNA construct used for generation of S100A1-overexpressing transgenic mice. SV40, simian virus 40. B, representative Western blot analysis for S100A1 and major cardiac Ca 2ϩ cycling proteins from LV mouse homogenates or membrane preparations of two animals each from TG S100A1-I and -II lines compared with their non-transgenic litter mate control (NLC) mice (n ϭ 6). For abbreviations used, see "Experimental Procedures." Protein expression was normalized to calsequestrin (CSQ) levels; the relative mass is shown on the left in kilodaltons (kD). C-E, in vivo assessment of LV function at baseline (basal) and in response to progressive doses of the ␤-AR agonist isoproterenol in closed-chest anesthetized animals (E, NLC, n ϭ 18; q, TG S100A1 line I and II, n ϭ 18). Shown are the in vivo responses for heart rate (HR, beats/min) (C), maximal first derivative of LV pressure rise (LV dP/dt max ) (D), maximal LV systolic ejection pressure (LVSP) (E). Data are means Ϯ S.E. *, p Ͻ 0.05 versus NLC (ANOVA and Student's t test).
Interestingly, when TG S100A1 and NLC mice were challenged with isoproterenol, in vivo ventricular performance was significantly enhanced with cardiac S100A1 overexpression. This increased sensitivity to ␤-AR stimulation was seen with LV dP/dt max (Fig. 1D ), LVSP (Fig. 1E ), and LV dP/dt min (data not shown). HR responses to isoproterenol were identical in TG S100A1 and NLC mice (Fig. 1C ).
Echocardiographic Function of S100A1 Transgenic Mice-To further investigate the effect of myocardial-targeted S100A1 overexpression on the morphological and functional cardiac phenotype, LV chamber dimensions, wall thickness, and contractile parameters were estimated by echocardiography in conscious TG S100A1 and NLC mice as described (18) . These results are summarized in Table II . LV diameter at end-diastole as well as interventricular septum and LV posterior wall thickness were similar in TG S100A1 and NLC animals. However, LV chamber diameter in end-systole was found to be significantly reduced in TG S100A1 animals (Table II) . Moreover, LV systolic ejection time was significantly reduced in S100A1 overexpressing mice, whereas HR again did not differ between groups. Accordingly, calculated values for LV fractional shortening and HR corrected mean Vcfc were significantly higher in TG S100A1 mice compared with NLC mice (Table II) , indicating enhanced global cardiac function when myocardial levels of S100A1 are increased.
Contractile Properties and Ca 2ϩ Handling of Isolated TG S100A1 Ventricular Myocytes-To determine whether changes in cellular Ca 2ϩ cycling account for increased cardiac contractile function in TG S100A1 mice, contractile performance and intracellular Ca 2ϩ handling were examined in isolated ventricular myocytes from TG S100A1 mice and compared with measurements in NLC myocytes. Contractile properties of cardiac myocytes were assessed by the use of edge detection. Fig. 2A shows superimposed representative contractions taken from isolated S100A1 overexpressing and NLC myocytes. Although no significant difference in maximal diastolic length (L max ) occurred, isolated cardiac myocytes from TG S100A1 mice clearly exhibited a significant increase in cellular shortening that was accompanied by a significant increase of shortening and relengthening velocity, respectively (Table III) . Thus, cardiac S100A1 overexpression causes a marked increase in cellular contractility, which is consistent with the above-described basal in vivo physiological data.
Because Ca 2ϩ signaling plays a central role in cardiac contractility, we assessed the influence of transgenic S100A1 overexpression on intracellular Ca 2ϩ handling. To visualize intracellular Ca 2ϩ kinetics, isolated cardiac myocytes were loaded with Fura2-AM and emission transients were recorded. Considering the non-linearity of the Fura2-ratio emission signal (20) , Ca 2ϩ calibration in cardiac myocytes was performed with consistent values to previously published results (21, 22) , whereas quenching revealed no significant dye compartmentalization because of our loading protocol (data not shown). Fig.  2C displays superimposed representative intracellular Ca 2ϩ transients obtained from TG S100A1 and NLC cardiac myocytes. Although diastolic Ca 2ϩ levels, time to peak, and time to 50% decline did not differ between both groups, the systolic rise of intracellular Ca 2ϩ levels was significantly higher in S100A1 overexpressing cardiac myocytes (Table III) .
To elucidate the functional consequences of ␤-AR stimulation on TG S100A1 and NLC myocytes, measurements for cellular shortening and Ca 2ϩ transient amplitudes were carried out in response to increasing concentrations of isoproterenol. Fig. 2B depicts the increase in cell shortening in response to incremental ␤-AR stimulation in S100A1 overexpressing and NLC cardiac myocytes. Consistent with our in vivo findings, cardiac myocytes isolated from TG S100A1 mice responded with significantly higher contractility throughout all concentrations of isoproterenol. However, the relative increase in cell shortening did not differ significantly between both groups, demonstrating no change in ␤-AR responsiveness (data not shown). Because the inotropic effect of ␤-AR stimulation is ultimately based on enhancement of cytosolic Ca 2ϩ kinetics, we investigated whether S100A1 overexpression would also influence cellular Ca 2ϩ cycling following isoproterenol. Fig. 2C illustrates the effect of ␤-AR stimulation on intracellular Ca 2ϩ transient amplitudes in both S100A1 overexpressing and NLC cardiac myocytes. We also observed an enhancement in Ca 2ϩ transient amplitudes after administration of isoproterenol for cardiac myocytes from both TG S100A1 and NLC mice. Importantly, the S100A1-mediated increase in Ca 2ϩ transient amplitudes seen under basal conditions was maintained after ␤-AR stimulation because TG S100A1 myocytes had the highest Ca 2ϩ transients (Fig. 2D ). As above, the relative increase in Ca 2ϩ transient amplitudes after isoproterenol was not significantly different in both groups (data not shown).
Effect of S100A1 on SR Ca 2ϩ Load and Ca 2ϩ -induced Ca 2ϩ Release-To investigate the underlying mechanism for the increase in cytosolic Ca 2ϩ transients, we assessed SR Ca 2ϩ load under basal conditions and in response to ␤-AR stimulation in isolated cardiomyocytes isolated from TG S100A1 and NLC mice (n ϭ 30 from 3 different animals each). Fig. 3A displays superimposed representative caffeine-induced Ca 2ϩ transients obtained from a TG S100A1 and NLC myocyte under basal conditions where TG S100A1 myocytes have enhanced transients. The overall SR Ca 2ϩ load was significantly higher in TG S100A1 myocytes under basal conditions and after the addition of isoproterenol (Fig. 3B ). Because S100A1 has been shown both to interact with the skeletal muscle RyR1 (28) and to enhance SR Ca 2ϩ release from skeletal muscle fibers (29), we TABLE I Physiological and basal hemodynamic parameters in S100A1 transgenic mice NS, statistically not significant (p Ͼ 0.05); NLC, non-transgenic litter mate control mice; TG S100A1, S100A1 transgenic mice (lines I and II); LVSP, maximal left ventricular systolic ejection pressure; LVEDP, left ventricular end diastolic pressure. All data are presented as mean Ϯ S.E. NLC 
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investigated the effect of S100A1 on CICR from cardiac TG S100A1 and NLC SR vesicle preparations. CICR was assessed from passively Ca 2ϩ -loaded SR vesicles using 45 Ca 2ϩ as a radioactive tracer to quantify SR Ca 2ϩ efflux. SR vesicles derived from TG S100A1 hearts displayed a significantly time-dependent enhancement of CICR (Fig. 3D ) that coincides with a 2.1 Ϯ 0.3-fold (p Ͻ 0.05, n ϭ 3) higher amount of S100A1 protein found in TG S100A1 SR vesicles compared with NLC ( Fig. 3C,  upper panel) . To assess whether this effect was specifically because of S100A1 protein, TG S100A1 and NLC SR vesicles were incubated with 2 mM EGTA for 30 min, followed by sev-eral washings steps in EGTA-free storage buffer to remove the Ca 2ϩ chelating compound. EGTA treatment apparently led to S100A1 depletion of SR membranes (Fig. 3C, upper panel) , resulting in diminished SR Ca 2ϩ release in both groups and a complete loss of the S100A1-mediated gain in CICR in TG S100A1 SR vesicles (Fig. 3D ). To determine a potential molecular mechanism for increased SR Ca 2ϩ load and release, we carried out co-immunoprecipitations for S100A1 with either SERCA2a, PLB, or cardiac RyR2. These experiments revealed no evidence for a direct interaction of S100A1 with the SERCA2a⅐PLB complex (data not shown). However, under con-TABLE II In vivo echocardiographic assessment of cardiac properties of S100A1 transgenic mice All data are presented as mean Ϯ S.E. NS, statistically not significant (p Ͼ 0.05); NLC, non-transgenic litter mate control mice; TG S100A1, S100A1 transgenic mice (line I and II); LVEED, left ventricular end diastolic diameter; IVSth, interventricular septal wall thickness; LVPWth, left ventricular posterior wall thickness; LVESD, left ventricular end systolic diameter; LVET, left ventricular ejection time; FS, fractional shortening; mean Vcfc, heart rate corrected mean velocity of circumferential fiber shortening. NLC . (E, NLC cardiac myocytes, n ϭ 100; q, TG S100A1 cardiac myocytes, n ϭ 100). Three hearts from each TG S100A1 line (I and II) (6 total TG S100A1) were examined, and 15-20 cardiac myocytes from each heart were studied (see "Experimental Procedures"). Data shown are mean Ϯ S.E. *, p Ͻ 0.05 versus NLC cardiac myocytes (ANOVA and Student's t test). ditions where S100A1 does not interact with SERCA2A and PLB, S100A1 protein was found, for the first time, to interact with RyR2 ( Fig. 3C, lower panel) . This interaction was not found in EGTA-S100A1 depleting condition (Fig. 3C, lower  panel) . This interaction between S100A1 and RyR2 occurs in NLC mice, but increased S100A1 was co-immunoprecipitated in TG S100A1 hearts, indicating a specific association (Fig. 3C,  lower panel) . Thus, the S100A1-mediated increase in cytosolic Ca 2ϩ cycling seems at least caused by both augmented CICR and SR Ca 2ϩ load, presumably through a direct S100A1-RyR2 interaction or potentially through an indirect mechanism on SERCA2a/PLB.
Effect of S100A1 Overexpression on Cardiac ␤-AR Signaling-To explore whether the phenotype of enhanced cardiac function in TG S100A1 mice was because of alterations of the cardiac ␤-AR-AC-PKA pathway, we analyzed the levels of associated proteins, including ␤-AR density and AC activity in membranes isolated from TG S100A1 and NLC mice. As shown in Fig. 4A , cardiac S100A1 overexpression did not alter the protein levels of any these signaling molecules, including ␤ 1and ␤ 2 -ARs, AC, and PKA. Radioligand binding also showed that myocardial total ␤-AR density did not differ between TG S100A1 (40.12 Ϯ 3.57 fmol/mg protein) and NLC (42.45 Ϯ 1.71 fmol/mg protein, p ϭ NS, n ϭ 6 each) mice. S100A1 overexpression did not alter membrane AC activity either; Fig. 4B shows that basal as well as isoproterenol, NaF, and forskolin-stimulated cAMP generation was not altered in TG100A1 myocardial membranes compared with NLCs. Moreover, Ca 2ϩ inhibition of AC was similar (Fig. 4B) . These data indicate that there is preserved ␤-AR coupling and unaltered enzymatic activity of AC in TG S100A1 hearts.
Finally, we examined several downstream targets of ␤-ARmediated PKA in the myocardium; these were also unchanged in TG S100A1 hearts when compared with NLC mice. The basal PLB phosphorylation state as well as its relative increase in response to isoproterenol (10 Ϫ4 M) stimulation did not differ between TG S100A1 and control (Fig. 4A) . Moreover, as shown in Fig. 4C , the phosphorylation states of PLB, troponin I, and myosin-binding protein C were indistinguishable between TG S100A1 and NLC hearts. This again was true for basal and isoproterenol-stimulated conditions. DISCUSSION Because S100A1 has been shown to be up-regulated in compensated cardiac hypertrophy where normal contractile function is maintained (12) but is significantly down-regulated when the heart is failing (3, 8) , we postulated that this molecule might be involved in the regulation of in vivo cardiac contractility. In the current study, we demonstrate for the first time that myocardial-targeted transgenic overexpression of S100A1 leads to a marked improvement of in vivo cardiac function in mice both under baseline conditions and in response to ␤-AR stimulation. Cardiomyocyte SR Ca 2ϩ cycling is also enhanced after transgenic cardiac S100A1 overexpression, contributing to increased in vivo myocardial contractility. Further, in the current study, we have revealed the novel finding that S100A1 can associate with the cardiac RyR2 isoform and that this interaction may take part in its inotropic mechanism by enhancing SR Ca 2ϩ release.
In addition, within the time frame of this study (ϳ7 months of age), a 4-fold overexpression of S100A1 in the hearts of mice did not lead to any detrimental effects on cardiac morphology or physiology. Although cardiac function was markedly increased in response to chronic S100A1 overexpression, both echocardiographic measurements and assessment of heart and ventricle weights demonstrated that hearts from TG S100A1 mice had relatively normal dimensions and mass compared with NLC hearts. In support of this, most recently it has been shown (8) that S100A1 gene addition to cardiomyocytes even inhibits activation of the atrial natriuretic factor and ␣-skeletal actin promoter in response to ␣-adrenergic hypertrophic stimuli in vitro. Consistent with these findings, there was no up-regulation of molecular markers of cardiac hypertrophy, such as atrial natriuretic factor and ␣-skeletal actin, in response to cardiac-restricted S100A1 gene addition in vivo. These results suggest that the increase in S100A1 expression found in cardiac hypertrophy (12) is a result of the compensation and not causative.
In vivo hemodynamic assessment by cardiac catheterization and echocardiography revealed that TG S100A1 mice have a phenotype of enhanced cardiac function. LV catheterization of anesthetized TG S100A1 mice demonstrated a marked increase both in systolic and diastolic cardiac function under baseline conditions as indicated by cardiac contractility (LVSP and LV dP/dt max ) and relaxation (LV dP/dt min ). Importantly, there were no observed differences in LV end-diastolic pressure or HR, all of which could contribute to the gain in cardiac function, indicating that there is indeed increased cardiac performance as the result of chronic myocardial overexpression of S100A1. The enhancement of in vivo cardiac performance seen under baseline conditions measured by resting echocardiography and cardiac catheterization also translated to an increased inotropic reserve because in vivo ␤-AR function was similarly enhanced after isoproterenol administration. Interestingly, ␤-adrenergic responsiveness, as measured by the relative difference between baseline contractile parameters and responses after maximum isoproterenol, did not differ in TG S100A1 mice compared with NLCs. Thus, S100A1 overexpression does not appear to enhance cardiac sensitivity for ␤-AR activation but rather can augment ␤-adrenergic signaling, possibly through alternative downstream events. In support of this, we found no difference in ␤-AR signaling in TG S100A1 mouse hearts as assessed by myocardial ␤-AR levels, cAMP generation, or PKA activity. This includes no change in the phosphorylation state of PLB, troponin I, or myosin-binding protein C.
To gain further insight into functional responses in S100A1overexpressing myocardium, single-cell contractility was examined in isolated cardiac myocytes at rest and after stimulation with isoproterenol. S100A1 overexpression caused a marked increase in cellular shortening that was accompanied by a significant acceleration in the rate of myocyte shortening 
and relengthening when compared with control cardiac myocytes from NLC mice. As found in vivo, there was no significant difference in the response to ␤-AR stimulation when measuring the relative increase in the contractile state in TG S100A1 and NLC cardiomyocytes. These data confirm that the functional improvement of S100A1 transgenic hearts seen in vivo appears to be based on an increase in contractility at the cellular level.
Overall, the enhanced inotropic response seen to acute hemo-dynamic stress in vivo can be attributed to the enhanced baseline cardiac contractile enhancement in the cardiac myocyte and is possibly due to an extended intracellular release of contractile Ca 2ϩ by S100A1 following ␤-AR stimulation. Because Ca 2ϩ is the key regulator of muscle contraction, alterations in protein levels of cardiac Ca 2ϩ cycling proteins, such as the cardiac DHPR, RyR2, Na ϩ /Ca 2ϩ exchanger, SERCA2, or PLB may also be involved in the increased cardiac FIG. 3 . Effect of S100A1 protein on sarcoplasmic CICR. A and B, effect of chronic S100A1 overexpression on SR Ca 2ϩ content assessed by caffeine application under basal conditions and isoproterenol stimulation. A, original superimposed tracings of caffeine-induced Ca 2ϩ transients obtained from representative TG S100A1 and NLC cardiac myocytes following electrical stimulation with 1 Hz and 2 mM [Ca 2ϩ ] e . B, S100A1mediated increase in SR Ca 2ϩ load estimated from the caffeine-induced Ca 2ϩ transient amplitude under basal and isoproterenol-stimulated conditions (NLC cardiac myocytes, n ϭ 30; TG S100A1 cardiac myocytes, n ϭ 30; cells were obtained from three different hearts per group). *, p Ͻ0.05 versus NLC cardiac myocytes (ANOVA and Student's t test). C, representative Western blot analysis of S100A1 protein content in SR vesicles from NLC and TG S100A1 (TG) hearts (upper panel). Depletion of S100A1 protein because of EGTA treatment indicates Ca 2ϩ -dependent association of S100A1 protein with SR proteins and membranes. Calsequestrin (CSQ) staining served as a control. Representative Western blot analysis for RyR2/S100A1 co-immunoprecipitation (lower panel). S100A1 appears to interact with the cardiac RyR isoform (RyR2) both in NLC and TG S100A1 membranes. Treatment of SR vesicles with A/G-Sepharose served as control. D, S100A1-mediated time-dependent increase in Ca 2ϩ induced Ca 2ϩ release from TG S100A1 cardiac SR vesicles (f) compared with NLC (Ⅺ). S100A1-depletion of SR vesicles following EGTA treatment (upper panel) diminished CICR both in TG S100A1 (q) and NLC (E) SR membranes and completely abolished the gain in CICR in TG S100A1 SR vesicles (f) (n ϭ 6, *, p Ͻ 0.05 versus NLC and EGTA-treated membranes) (ANOVA and Student's t test). Amount of CICR is given as fractional SR Ca 2ϩ release (%) from maximal SR vesicle Ca 2ϩ load. At the end of Ca 2ϩ uptake, vesicles contained 45 Ϯ 6 nmol Ca 2ϩ /0.1 mg protein.
contractility seen in TG S100A1 mice because changes in the expression and/or activity of these proteins can lead to alterations in cardiac function in mice (19, 30 -33) . Western blot analysis and quantitative fluorescent ligand binding excluded any change in protein levels or functional status (i.e. phosphorylated PLB) of these Ca 2ϩ -interacting molecules, which is consistent with our recent finding of unaltered SERCA2a/PLB protein ratios after S100A1 gene transfer in vitro (6) .
Previous observations in vitro demonstrated that increased levels of S100A1 protein enhance intracellular Ca 2ϩ cycling at least in part by an improved SR Ca 2ϩ uptake in saponinskinned ventricular cardiomyocytes (6, 7). Thus, it was of interest to determine in these S100A1 transgenic mice whether the enhancement of in vivo cardiac function is also related to specific changes in intracellular Ca 2ϩ fluxes and SR Ca 2ϩ movements. Our functional analysis of intracellular Ca 2ϩ transients in isolated TG S100A1 cardiomyocytes indeed showed an enhancement in peak systolic Ca 2ϩ levels, whereas diastolic Ca 2ϩ concentrations, time to peak, and time to 50% decline remained unchanged. Importantly, assessment of SR Ca 2ϩ load in TG S100A1 myocytes both at rest and under ␤-AR stimulation indicates that the S100A1-mediated gain in contractility is partly caused by an enhancement in SR Ca 2ϩ content. Although S100A1 has been found to co-localize with the SR (34) and assumed to interact with SERCA (35), co-immunoprecipitation with TG S100A1 and NLC hearts so far revealed no evidence for a direct interaction of S100A1 with either SERCA2a or PLB. Thus, further studies will have to clarify whether S100A1 may directly affect cardiac SERCA activity or enhance SR Ca 2ϩ load by a SERCA2a-independent mechanism. However, because S100A1 has been shown to interact with the skeletal RyR1 (28), resulting in enhanced SR Ca 2ϩ release in murine skeletal muscle fibers (29), we found, for the first time, that S100A1 can interact with the murine cardiac RyR2 isoform. Importantly, this interaction was not seen in S100A1depeleted SR membrane preparations. In line with these results, SR vesicles derived from TG S100A1 hearts containing a nearly 2-fold higher amount of S100A1 protein displayed enhanced fractional SR Ca 2ϩ release compared with NLC. Unchanged CICR both in S100A1-depleted SR vesicles from TG S100A1 and NLC hearts confirmed specificity of the S100A1-dependent increase in CICR. We therefore conclude that S100A1 augments cardiac intracellular Ca 2ϩ homeostasis at least partially by enhanced SR function via a RyR2 interaction.
Although there are previous in vitro reports that S100A1 can interact or modulate AC and PKA activity (36, 37) , we found no alterations on activity of these enzymes in TG S100A1 hearts. This is consistent with previous data using adenoviral-mediated S100A1 overexpression in cardiomyocytes because the increase contractile function seen in vitro was cAMP-independent (6) . S100A1-induced positive inotropy appears to be specific for this family member in the heart because other S100 proteins have not shown this characteristic. Indeed, transgenic mice with cardiac S100B overexpression did not have increased cardiac function (38) . This is especially interesting because this protein shows both high homology in primary sequence and similarity in the three-dimensional structure with S100A1 (39, 40) . These results suggest little functional redundancy among S100 proteins in the adult heart.
Importantly, the cardiac phenotype of S100A1 knockout mice has recently been reported as one of blunted cardiac inotropic and lusitropic response to ␤-AR stimulation (27) . Interestingly, S100A1 knockout mice, like S100A1 transgenic mice, have normal ␤-AR chronotropic responses (27) . Thus, manipulation of S100A1 expression in the heart in vivo has profound effects on ␤-AR-mediated cardiac function. However, this apparent reciprocal effect between S100A1 knockout and transgenic overexpression is limited to ␤-AR-mediated responses because cardiac S100A1 overexpression led to enhanced basal cardiac function, which was not altered in S100A1 knockout hearts (28) . In fact, TG S100A1 mice do not have enhanced ␤-AR responsiveness, and the increased ␤-AR-mediated contractile effects appear to be because of the enhanced basal function.
Nonetheless, these results in S100A1 knockout and transgenic mice are compelling, especially when also taking into account that S100A1 is significantly down-regulated in endstage human heart failure (3), a condition that is accompanied by severely impaired ␤-AR signaling (41) . Although the total ablation of the S100A1 gene in mice resulted in the deterioration of contractile performance upon adaptive myocardial growth in response to transaortic constriction (TAC), heterozygous S100A1 knockout mice showed a dramatic up-regulation FIG. 4 . Effect of S100A1 overexpression on the cardiac ␤-AR signaling pathway. A, representative Western blot analysis of ␤-adrenergic signaling components in membrane fractions or homogenized cellular preparations from TG S100A1 and NLC hearts (n ϭ 6). For detection of ␤ 1/2 AR single bands, short exposure times (5-10 s) were chosen. For abbreviations used, see "Experimental Procedures." B, assessment of myocardial membrane AC activity (pmol cAMP/min/mg protein) in pooled membrane extracts from NLC (n ϭ 8) and TG S100A1 hearts (lines I and II, n ϭ 4 each) under basal conditions and in response to isoproterenol (10 Ϫ4 M), NaF (10 Ϫ2 M), forskolin (10 Ϫ4 M), and CaCl 2 (2 ϫ 10 Ϫ3 M). Measurements were performed in duplicate. *, p Ͻ 0.05 versus basal (ANOVA). C, autoradiograph of a representative back-phosphorylation assay from control and isoproterenol (Iso)-stimulated LV protein extracts from NLC (E) and TG S100A1 (q) hearts with (ϩ) or without (Ϫ) cAMP addition. Arrows indicate the positions of non-phosphorylated (Ϫ) and back-phosphorylated (ϩ) myosin-binding protein C (MyBP-C), troponin I, (Tn-I) and PLB.
of S100A1 protein to physiological levels after TAC that coincided with a significant increase in cardiac contractile performance indistinguishable from that seen in wild-type animals (27) . Thus, S100A1 appears to play an important role in maintaining cardiac contractility and ␤-AR responsiveness in cardiomyocytes, and its loss or lowering of expression in the heart may contribute to dampened responsiveness seen in the hypertrophied and failing heart. From our SR and co-immunoprecipitation results, the role of S100A1 in cardiac inotropy may be through an interaction with RyR.
It will be critical to determine the ultimate pathophysiological relevance of S100A1 protein in the heart, which has been in question since the finding that this EF-hand Ca 2ϩ -binding protein was found to be down-regulated in the failing human heart (3) . Interestingly, numerous S100A1-interacting proteins have been described in vitro (e.g. AC, PKA, titin, and actin (for review see Ref. 5 ). However, these interactions appear not to be important for the in vivo actions of S100A1 in the murine heart. Concerning cardiac function, our novel results suggest that S100A1 overexpression causes an enhancement in myocardial contractility in vivo at least because of increased SR function resulting in enhanced cytosolic Ca 2ϩ homeostasis independent of cAMP-dependent signaling. Although we found no change in the levels of the L-type voltage-dependent calcium channel, the impact of S100A1 overexpression on sarcolemmal Ca 2ϩ handling in the adult myocardium remains elusive and will be the subject of further studies. Importantly, the development of genetically engineered in vivo models of cardiac S100A1 expression such as the mice in this study provides powerful models to use in future studies to further delineate the molecular mechanisms of the actions of S100A1 in the cardiomyocyte.
We strongly believe that our current in vivo results in transgenic mice showing enhanced cardiac function without hypertrophy or detrimental effects coupled with previous in vitro studies with adenoviral-mediated S100A1 gene transfer to myocytes provide novel evidence that positive manipulation of S100A1 expression levels in the heart may also prove to be beneficial in the treatment of heart failure. Importantly, it is now possible to test this hypothesis both in genetic murine models of cardiomyopathy and in vivo gene transfer to larger animal models of heart failure, and this will be the subject of future investigations.
